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Abstract. Recently proposed space missions such as Darwin, eLISA and NGGM have encouraged the
development of electric propulsion thrusters capable of operating in the micro-Newton (μN) thrust range.
To meet these requirements, radio frequency (RF) gridded-ion thrusters need to be scaled down to a
few centimeters in size. Due to the small size of these thrusters, it is important to accurately determine
the thermal and performance parameters. To achieve this, a multi-physics performance model has been
developed, composed of plasma discharge, 2D axisymmetric ion extraction, 3D electromagnetic and RF
circuit models. The plasma discharge model itself is represented using 0D global, 2D axisymmetric and 3D
molecular neutral gas, and Boltzmann electron transport sub-models. A 3D thermal model is introduced
to determine the temperature distribution for various throttle points, using as inputs the plasma and
electromagnetic ﬁeld heating values obtained from the performance model. This also allows the validation
of the performance model itself. Additionally, we analyze the eﬀect the thruster’s temperatures play on
the plasma properties/performance and vice versa. The model is based on the RIT 3.5 thruster developed
for the NGGM mission geometry and predicts the RIT 3.5 experimental data within approximately 10%.
1 Introduction
In 1884, Hittorf proposed the idea of plasma generation
using radio-frequency (RF) ﬁelds [1]. In 70’s Loeb [2] was
one of the ﬁrst to apply the idea of using RF plasmas for
electrostatic space propulsion. Following an Ariane-5 up-
per stage malfunction in 2001, a RITA (Radio-Frequency
Ion Thruster Assembly) system was operated for around
one year as the main means of propulsion in order to
shift ESA’s ARTEMIS spacecraft to the desired mission
orbit [3]. This proved the RF thrusters’ versatility and
reliability. One of the main advantages of RF thrusters
is that they can sustain an electrodeless discharge and
are easily throttleable by varying coil power. This is be-
cause the ion production and acceleration mechanisms are
separate, which allows RF thrusters to be scaled down.
Therefore, with missions such as Darwin [4], eLISA [5]
and NGGM [6] requiring thrusters working in the μN
range and with high throttling capabilities, RF thrusters
have been considered as one of the main candidates in ful-
ﬁlling the mission requirements. However, working of an
RF thruster involves many diﬀerent physics phenomena as
shown in Figure 1, making a holistic approach to the per-
formance analysis diﬃcult. Furthermore, due to the small
size of these thrusters and due to high frequencies, plasma
measurements are challenging to perform. Additionally, in
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order to make the scaled-down thrusters applicable to the
aforementioned space missions, they must consume low
amounts of power, have a high eﬃciency, and must be
prevented from overheating.
The main physical processes and components that are
needed to fully describe an RF ion thruster are shown in
Figure 1. The plasma is created by accelerating electrons
with an azimuthal electric ﬁeld Eθ due to a magnetic ﬁeld
B which is produced by passing a current Ic through a
coil wrapped around an insulating gas chamber. As a re-
sult, a neutral gas at a density n is ionized to produce
a plasma with a density n+. The ions are extracted and
focused with electrically biased multi-aperture grids. The
extraction grids also play a role in controlling the neu-
tral gas pressure inside the chamber since the propellant
that is not ionized leaks through the grids. The power
to the coil is provided by an RF circuit composed of a
Radio-Frequency Generator (RFG) and a matching net-
work. An ideal thruster would transform all input power
into thrust. However, a substantial amount of power is lost
from the plasma to the discharge chamber walls or radi-
ated to the environment. Furthermore, there are losses
associated with the electromagnetic eddy current produc-
tion in the thruster’s components. All these contribute to
the heating of the thruster – requiring a thermal anal-
ysis. Therefore, in order to have a complete model of
the thruster, thermal eﬀects have to be consistently in-
cluded. This is because the thruster’s temperatures aﬀect
the plasma properties through the neutral gas pressure
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Fig. 1. Schematics highlighting the main RF gridded ion
thruster components, RF circuit and physical processes occur-
ring in the plasma.
and eddy current losses through a change in the compo-
nent electrical conductivity. In turn, the plasma properties
aﬀect the thruster’s temperatures as well. Thus, the RF
thruster operation encompasses many diﬀerent areas of
physics, requiring a self-consistent holistic modeling ap-
proach in order to accurately predict the performance.
To understand the RF thruster behavior, we ﬁrst
need to model the coupling between the coil and plasma.
Thompson [7] was one of the ﬁrst to model the RF plasma
discharge to be a secondary of an air-core transformer.
His approach is still commonly used because it does not
require the explicit knowledge of the spatial ﬁeld and
plasma distributions. Using Thompson’s approach, Piejak
et al. [8] managed to describe the RF discharges through
the use of electrical circuit parameters such as the RF
current, voltage and power. The main RF discharge mod-
eling eﬀorts and assumptions are summarized in refer-
ences [9,10]. To simulate an actual RF thruster, Goebel
developed an analytical volume-averaged (0D) plasma
model [11]. This allowed him to calculate the plasma
power losses for a desired beam current. Nevertheless, he
did not look at the electromagnetic aspect of RF thruster
operation, which prevented him from calculating the total
thruster input power and eﬃciency. Chabert et al. [12]
extended Goebel’s model and included the electromag-
netic part by introducing the aforementioned transformer
assumptions. Volkmar et al. developed a 3D Biot-Savart
solver to calculate the coil impedance and used the mag-
netic diﬀusion equation to determine the electromagnetic
ﬁeld distribution inside the plasma represented by the uni-
form 0D model [13]. The model was aimed to act as a
tool for designing RF thrusters by giving a complete de-
scription of the thruster. Nevertheless, the model suﬀered
from a few shortcomings. First, it excluded the thruster’s
components from the electromagnetic ﬁeld analysis, which
aﬀects the power balance and matching conditions. Sec-
ond, the plasma conductivity was assumed to be uniform.
However, the plasma conductivity varies as a function of
the discharge chamber radius. This variation greatly in-
ﬂuences the power that is transferred from the coil to
plasma. Additionally, the ion extraction model was based
on the space-charge limited Child-Langmuir’s law, with-
out explicitly modeling the plasma extraction. Finally, the
thruster’s temperatures were not simulated at all, and the
temperature eﬀect on the thruster’s performance was not
accounted for.
To the authors’ knowledge, there is no self-consistent
thermal model that is capable of accounting for plasma
and RF heating and, in turn, for thruster’s tempera-
ture eﬀect on plasma properties and RF heating. Full RF
thruster thermal models are particularly challenging to
construct because the magnitude of RF heating (via eddy
currents) is dependent on the thruster’s component tem-
peratures due to a change in their electrical conductivity.
Gartner et al. [14] did create a thermal model of a RIT 2.5
thruster. However, their model only included the RF heat-
ing contribution. The plasma heating was not modeled
because they did not develop a plasma model to account
for diﬀerent boundary heat ﬂuxes. Creating such a plasma
model introduces a great deal of complexity, since many
plasma parameters are unknown or cannot be measured.
Therefore, their model was only applicable for conditions
when there is no plasma and the thruster is heated solely
by the eddy currents. Nevertheless, a few thermal models
have been developed for ring cusp gridded ion thrusters
such as the one by Van Noord described in reference [15].
The main goal of the present paper is to introduce a
full RF thruster model that could be used to predict the
thruster’s performance and temperature distribution in a
consistent fashion with solution times of less than an hour,
acting as a fast, eﬃcient and accurate thruster design tool.
In this paper we look at all ﬁve major branches of
RF thruster operation: electromagnetic ﬁeld generation,
plasma production, ion extraction, RF circuit analysis and
temperature distribution. A schematic RF thruster model
including all ﬁve branches is shown in Figure 1. The elec-
tromagnetic model uses a full 3D geometry of the thruster
including the ion optics and case in order to solve electro-
magnetic ﬁeld equations in COMSOL [16]. The plasma
itself is represented using a 0D sub-model similar to the
ones developed in references [17–19]. However, to increase
the accuracy of the model, the ion density is assumed
to vary radially. Electrons are deﬁned using the electron
energy distribution function obtained by solving a high-
frequency two-term approximation Boltzmann equation in
COMSOL. The neutral gas pressure and density inside
the plasma are determined using a sub-model that solves
molecular ﬂow equations in COMSOL. The ion extraction
model is obtained by modifying an open-source software
called IBSIMU developed by Kalvas [20]. The RF circuit
model is implemented in PSpice software [21]. The thermal
model is based on the full 3D thruster geometry and uses
the heating values from the plasma and electromagnetic
models to determine the complete temperature distribu-
tion. The results from the thermal model are then fed back
Eur. Phys. J. D (2016) 70: 227 Page 3 of 14
to the plasma and electromagnetic models until a consis-
tent solution is reached. Finally, the model is benchmarked
against the experimental results of RIT 3.5 miniature RF
ion thruster designed for the NGGM mission [6].
2 Plasma discharge model
In this section we describe a plasma discharge model that
is used to calculate volume-averaged plasma parameters.
Additionally, the plasma discharge model is needed to
compute the heat ﬂuxes from the plasma to the thruster
in order to determine the temperature distribution. Us-
ing the plasma discharge model we also analyze the eﬀect
the chamber wall temperature plays on the neutral gas
pressure and, thus, plasma properties.
2.1 Neutral gas
The neutral gas density n0 in the discharge chamber de-
ﬁnes the magnitude of the electron temperature and the
collision frequency between electrons and neutrals. In de-
termining the neutral gas density, we ﬁrst calculate the ion
optics Clausing factor ηc using a 2D axisymmetric ion op-
tics geometry in a molecular ﬂow sub-module developed in
COMSOL. Then we use a 3D molecular ﬂow sub-model of
the discharge chamber by taking the previously calculated
Clausing factor, the discharge chamber wall temperature
Tw and the neutral gas mass ﬂow rate m˙ as inputs. The
Clausing factor is used as a boundary condition on the
screen grid apertures in the 3D sub-model that reﬂects a
fraction R of incident molecules G back to the discharge
chamber expressed as:
R = (1− ηcfso)G, (1)
where we model the screen grid apertures as a surface with
a mathematical open area fraction fso.
The discharge chamber wall temperature is determined
from the thermal model that will be described in Section 4.
The input neutral gas mass ﬂow rate to the model m˙ is
calculated as the mass ﬂow rate of the neutral gas that
leaks through the grids m˙out and is not part of the ion
beam. This is done by subtracting the equivalent mass
ﬂow rate required to obtain a speciﬁc ion beam current Ib
from the total input mass ﬂow rate m˙in
m˙out = m˙in − Ibg0, (2)
where g0 is the conversion factor from Amperes to sccm
equal to 13.938 sccm/A. We obtain the beam current Ib
using an ion extraction model developed in IBSIMU [20].
In this model we determine the ion optics focusing eﬃ-
ciency parameter Teff , which is inﬂuenced by the menis-
cus shape and hence the upstream plasma properties, i.e.
the electron temperature Te and plasma sheath edge den-
sity ns. Therefore, we deﬁne the extracted ion current as
Ib = TeffIB , where IB is the total Bohm current ﬂowing
towards the screen grid area As
IB = nsuBAse, (3)
where e is the electron charge, uB =
√
eTe/Mi is the
Bohm (ion) velocity and Mi is the ion mass.
2.2 Plasma properties
The plasma parameters are calculated using a 0D sub-
model. In determining the rate coeﬃcients γk for each col-
lision process k, we obtain an electron energy distribution
function (EEDF) F0 by solving a two-term approximation
Boltzmann equation for the oscillating ﬁelds using a sub-
model in COMSOL. As main inputs, the model takes the
ionization degree β = ni/(ni + n0), the reduced angular
frequency ω/n0 and the neutral gas temperature T0, which
is assumed equal to the discharge chamber wall tempera-
ture Tw. The collision cross-sections ρk for each collision
process k are provided as well [22]. We then derive the
eﬀective electron-neutral collision frequency νeff from a





where ωeff is the eﬀective angular frequency that, for the
RIT 3.5 thruster, we set equal to the applied frequency
ω [10], and m is electron mass. Since the RIT 3.5 thruster
works at a low pressure of around 1 mTorr we also include
collisional heating [23,24] processes whereby we express









where 	p is the relative plasma dielectric constant
	p = 1−
ω2pe
ω(ω − jνtot) , (6)
with the plasma frequency given by ωpe =
√
nie2/m	0,
where c is the speed of light and 	0 is the permeability of
free space. To represent the stochastic heating mechanism,
Lieberman and Lichtenberg have introduced an equivalent
stochastic frequency νstoc using the skin depth δp and the
average electron thermal velocity v¯e [19]
νstoc ≈ v¯e4δp . (7)
Neglecting the electron-ion collision frequency νei, the to-
tal collision frequency νtot can be determined as the sum
of the eﬀective νeff and stochastic νstoc collision frequen-
cies, i.e.:
νtot = νeff + νstoc. (8)
The ﬁnal νtot value is obtained by iteratively solving
equations (5)–(8) until convergence is achieved. Using the
Boltzmann sub-model we are able of obtaining the frac-
tional power losses fk for each collision process k. We can
express the power lost in ionizing the gas as [25]:
Pi = γiN1N2V Uie, (9)
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where V is the discharge chamber volume, Ui is the ion-
ization potential, which for Xenon is equal to 12.13 eV,
N1 and N2 are the two species densities, γi is the ion-
ization rate coeﬃcient. As a result, the total collisional
power expanded in creating a plasma is Pcoll = Pi/fi,
where fi is the fraction of total power expanded to ion-
ization. Similarly, the power losses for other collision pro-
cesses are given as Pk = fkPcoll. This allows the powers
lost to ionization, excitation and elastic collision processes
to be determined.
Furthermore, we improve on the uniform plasma den-
sity assumption by introducing a radial variation in the





where ni(0) is the ion density at the center of the discharge
(from now on referred to as simply ni) and ni(r) is the
ion density at a location r from the center. This fraction
has been shown to be largely dependent on the neutral
gas density n0 through the ion mean free path λi equal
to λi = 1/(n0ρs), with ρs being the total ion scattering
cross-section. Neglecting the ion diﬀusion terms, the ion








Based on experimental [26] and analytical [17,19] ob-
servations, we assume that the ion density distribution
follows a circular proﬁle that varies from 1 at the centre
of the discharge chamber (r = 0) to the hr value at the









Since γi(Te), the electron temperature is found by setting
the rate of ion production (left side of Eq. (14)) equal to
the rate of ion loss (right side of Eq. (14)). In deriving
the equation, it is assumed that ions are lost by ﬂowing
to the chamber wall Ac and screen wall As areas with the
Bohm velocity uB where, if not extracted, they recom-
bine to produce a neutral atom. The ﬁnal particle balance
equation is:
n0γi(Te)V = uB(hrAc + hlAs). (14)
Note that the electron temperature does not depend on
the ion density ni since it cancels out from the above equa-
tion. The plasma potential is obtained by assuming that
the electron and ion ﬂuxes to the boundaries are ambipo-
lar (or equal). Therefore, the plasma potential is given by
a well-known ﬂoating potential equation




In order to account for the plasma’s eﬀect on the thruster
heating, the particle currents within the discharge cham-
ber are determined. Using the conservation of particles
and energy [17,19], and the ambi-polar ﬂux assumption,
the total ion or electron current ﬂowing towards the dis-
charge chamber wall Ac is:
Iwi = hrniuBAce. (16)
As discussed in Section 2. 1, the beam current is:
Ib = TeffhlniuBAseΓb, (17)
where Γb is the ﬂatness of the beam used to deﬁne the
radial variation in the hl parameter. If we take the RIT
3.5 ion optics system as an example, we see that the beam
ﬂatness Γb is around 85% since the grid apertures are made
only in a high-density plasma region to give a ﬂat beam.
The ion current to the screen grid area As is equal to the
remaining current that is not extracted through the grids
to form the ion beam
Isi = (1− Teff )hlniuBAseΓb. (18)
Assuming ambipolar losses again, the electron current to
the screen grid is Ise = Ib + Isi.
As previously deﬁned, there are losses associated with
a production of the plasma itself. One of the losses is the
collisional power loss Pcoll made of ionization Pi, exci-
tation Px and elastic scattering Pscat losses. However, a
substantial power loss is additionally incurred due to var-
ious particle ﬂuxes as indicated in Figure 2. One particle
loss mechanism occurs when, upon reaching the wall, these
particles are accelerated by the electrostatic ﬁelds in the
plasma and then deposit their energy to the wall, causing
it to heat up. Additionally, the heat can also be trans-
ferred by the excited neutral particles that radiate energy
to the thruster’s boundaries or out of the discharge cham-
ber into the beam. We determine the heating to a speciﬁc
boundary from the excited neutral ﬂux based on its sur-
face area with respect to the total surface area Aw as seen
by the plasma [15].















The screen grid heating due to electrons is:
Pse = Ise(ws + 2Te), (21)
where ws is the screen grid work function. The screen grid
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Fig. 2. Particle ﬂuxes in a radio-frequency gridded ion thruster
plasma.





where fos and foa represent the screen and accel grid open
area fractions, respectively. The heating of the accel grid





and charge exchange (CEX) ions
PCEX = Icex(U− + Ui − wa), (25)
where Icex is the CEX particle current, usually less than
2% of the beam current, and wa is the accel grid work
function. The power processed by the RFG power sup-
ply also includes the excited neutral radiation power that














The total discharge power Pd that is needed to generate
a required beam current plasma at a speciﬁed mass ﬂow
rate is a sum of all the aforementioned losses, i.e.:
Pd = Pscat +Pc+Pxc+Pse+Psi+Pxs+Pxa+Pxout+Pb.
(28)
Fig. 3. Ion density distribution (or the h parameter) inside
the RIT 3.5 thruster discharge chamber normalized by a center
plasma density.
3 Electromagnetic and RF circuit models
A 3D electromagnetic model has been created in COM-
SOL in order to solve Maxwell’s equations in the plasma
and thruster. The model treats the plasma as a simple




m(νtot + iωeff )
, (29)
where the plasma parameters are obtained from the
plasma discharge model. Representing the plasma conduc-
tivity as σp = σr−σij introduces a phase lag between the
electric ﬁeld and current through the imaginary part in
order to simulate the ﬁnite electron inertia [17]. Since the
ion density varies radially, we represent the plasma elec-
trical conductivity as σp ∝ hni using the h factor deﬁned
in equation (13) and depicted in Figure 3.
Using the plasma electrical conductivity we can calcu-
late the power that is lost in the plasma due to induced





(σp · |E|2) dV, (30)
the same equation can be used to ﬁnd the power lost in
the thruster’s components as well by replacing the σp value
with the component k electrical conductivity σk. However,
we can also calculate the power lost in the thruster’s com-







where R′k is the reﬂected component/plasma resistance,
or the resistance as seen by the RFG, and Ic is the coil
current. The R′k parameter depends solely on the compo-
nent/plasma conductivity, geometry and relative distribu-
tion with respect to the coil (or E ﬁeld strength) as seen
in equation (30). Therefore, based on the electrical con-
ductivity, for each reﬂected resistance value R′k we can
determine the power lost in this component depending on
the applied coil current Ic.



















Fig. 4. Equivalent RF ion thruster representation in terms of
electrical components.
We can transform the thruster to an equivalent RF
circuit through Maxwell’s equations as illustrated in Fig-
ure 4. As can be seen the circuit is composed of a number
of reﬂected resistances: the plasma resistance R′p, coil re-
sistance R′coil, screen grid resistance R
′
scrn and thruster
case resistance R′case. There are many additional resis-
tances denoted by R′k which come from such components
as electrodes, bolts, screws, nuts, etc. There is also a total
equivalent thruster inductance Lthr used to describe the
inductive component of the thruster behavior. Addition-
ally, it is important to mention that the thruster’s compo-
nent reﬂected resistances are functions of the temperature
R′k(T ) because the electrical conductivity σk(T ) is a func-
tion of the temperature. Figure 5 shows how the reﬂected
resistances vary with temperature for the thruster case,
screen grid and coil.
The circuit depicted in Figure 4 also includes an RF
generator (RFG), a matching network composed of capac-
itors C1 and C2 (normally part of the RFG) and a coaxial
cable in order to accurately represent the thruster’s be-
havior. The whole circuit is modeled in PSpice in a similar
manner as shown in Figure 4. The PSpice model gets the
knowledge about the plasma and thruster from the electro-
magnetic model in terms of parameters that are indicated
in Figure 4 as “EM” and outlined with a dashed box. In
modeling the circuit, we ﬁrst obtain the reﬂected plasma
resistance R′p based on the electrical plasma conductivity
σp that arises due to a speciﬁc beam current Ib that is
extracted. Then we obtain all other reﬂected resistances.
We model the circuit by changing the input current to the
RFG Iin until we reach a required coil current Ic. The coil






In deriving this equation we assume that in steady state
conditions the power lost in the plasma due to electro-
magnetic ﬁelds Wp must be equal to the discharge power
loss Pd. We also use the concept of reﬂected resistance.
Once all the resistances and the total inductance are
known, we can determine the input power that needs to be
supplied to the thruster, the total thruster eﬃciency, RFG



































Fig. 5. (a) Screen and case, (b) coil reﬂected resistance varia-
tion with temperature.
4 Thermal model
A thermal model based on the RIT 3.5 thruster geometry
has been designed in order ﬁnd the thruster’s surface tem-
perature distribution. The model is used to observe what
eﬀect the thruster’s temperatures have on the electromag-
netic heating losses in the conductors, as well as on the
plasma properties. Additionally, the model is needed to
analyze and help solve any potential thermal issues present
in the thruster such as thermal stresses, ion optics and coil
thermal expansions, etc. It is also very important to make
sure that the matching network capacitors do not over-
heat. To ﬁnd the temperature distribution, a 3D thermal
model was developed in COMSOL by solving a steady
state heat equation
Δ(−κΔT ) = Qi, (33)
where Qi represents the heat sources within the system
and κ is the thermal conductivity. There are two heat
sources, neglecting the contribution from the environment:
plasma ﬂuxes and RF heating. The plasma heating Pk
due to charged particle ﬂuxes and excited neutral radia-
tion was described in Section 2.3, whereas the RF heating
due to eddy currents in the thruster components Wk was
deﬁned in Section 3.
































Fig. 6. Flow chart depicting (a) full and (b) reduced coupling between the thruster’s temperatures and the RF heating.
It is assumed that the thruster loses heat to the vac-
uum chamber either by conductance through a contact
point with the thruster’s attachment plate, or by surface
radiation. The thruster is modeled as being attached to an
inﬁnitely large body at a set temperature Tamb, which is
used to mimic the vacuum chamber. To complete the heat
balance equations, surface-to-surface and ambient radia-
tion mechanism are included as:
Qrad = 	(Grad − kBT 4), (34)
where 	 is the emissivity of the material which is set equal
to the absorptivity α across the full wavelength spec-
trum due the gray-body assumption [28] and kB is the
Boltzmann constant. The Grad parameter represents the
incoming heat ﬂux composed of the ambient Gamb and
mutual heat ﬂuxes Gm between the components
Grad = Gm + Gamb. (35)
In order to save computational time, radiation groups are
deﬁned. We deﬁne a radiation group as a collection or a set
of components, including the environment, that have con-
siderably large view factors with respect to each other [28].
Therefore, we solve the radiation equations only within a
particular radiation group.
Our investigations have shown that the contact resis-
tances between components are very important in accu-
rately predicting the temperature distribution. However,
these are hard to estimate due to many unknown param-
eters. Nevertheless, the contact resistance values were ob-
tained using the data available in literature and trial and
error methods. We represent the contact resistance Uc be-










where masp and τasp are the eﬀective root-mean-square
(RMS) contact surface asperities’ slope and roughness, re-
spectively, pc is the contact pressure and κc is the average
conductivity of the surfaces with thermal conductivities





The equivalent contact elastic modulus Ec is calculated
using the elastic modulus E1 and E2, as well as Poisson’s










Note that the material emissivities 	 and thermal conduc-
tivities κ were taken from the data sheets provided by the
manufacturers of the thruster’s components. The thermal
conductivities were set as functions of temperature κ(T )
to get a more accurate temperature distribution.
Figure 6a shows the solution method for a fully coupled
thermal system where RF heating is the dominant mech-
anism of heat generation. First, note that the thruster’s
temperatures aﬀect the component electrical conductivity
σk and, as a result, the RF heating magnitude Wk changes.
When we set the new heating values into the thermal
model, we get new temperature values. We have to repeat
this process until the temperatures become self-consistent
with the RF heating magnitude. It was observed that it is
very hard to obtain convergence using such a method be-
cause of a high degree of coupling. Therefore, when solv-
ing for the RF heating it was decided to use a solution
method depicted in Figure 6b. Here, instead of calculating
the RF heating based on the change in the component’s
electrical conductivity by using the electromagnetic model
(EM), we represent all components through reﬂected resis-
tances R′k that are pre-calculated in advance and plotted
versus temperature as was shown in Figure 5. This helps
to achieve the solution much faster and in a more stable
fashion.
In creating the thermal model as few modiﬁcations as
possible to the original thruster geometry were made. This
meant that there were tens of components and hundreds of
contact surfaces to mesh and apply boundary conditions
to. However, it proved to be very computationally expen-
sive to keep the original ion optics geometry as shown in
Figure 7a. This was mainly due to a high number of aper-
tures that needed to be meshed and resolved in solving
the radiative heat transfer equations. An accurate repre-
sentation of the heat radiation through the ion optics is
very important in the overall heat balance. This is because
the accel grid apertures are smaller than the screen grid
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(a) (b)
Fig. 7. (a) Original and (b) modiﬁed RIT 3.5 ion optics ge-


















Fig. 8. A schematic RIT 3.5 thruster geometry and thermo-
couple locations.
apertures and, therefore, some of the heat radiated by the
chamber (and the screen grid itself) to the environment is
blocked, which greatly inﬂuences the overall heat balance.
As a result, this heats up the accel grid as well as the rest
of the thruster’s components. The grid system was sim-
pliﬁed as shown in Figure 7b by reducing the number of
apertures to just 19. However, the accel grid open area
(white area) and the screen grid area blocked by the accel
grid (gray area) were kept the same. This was done to keep
the same radiative heat transfer balance as in the original
grid design. Our studies have shown that, by using such a
method, there is only a minor eﬀect in terms of the overall
thruster temperature distribution.
Figure 8 depicts a schematic RIT 3.5 geometry and
the locations of 8 temperature sensors used to validate
the model against the experimental temperature measure-
ments. We used PT100 four-wire temperature sensors that
were inserted into a ceramic housing and glued to the lo-
cations depicted in Figure 8. The sensors were connected
to a Keithley data acquisition device that was calibrated







































Fig. 9. Main model solution method ﬂow chart. Dashed lines
indicate an iterative solution method.
ature values to be extrapolated. We were particularly con-
cerned with the T6 temperature sensor which was measur-
ing the matching capacitor’s temperature, since it should
not go above 200 ◦C. The ﬁgure also indicates the main
components that are present in the thruster. A particu-
lar emphasis should be placed on the attachment ﬂange
because its contact with the vacuum chamber determines
the contact resistance and greatly inﬂuences the tempera-
ture distribution. There were also plastic insulating hold-
ers used to secure the coil in place. The ion optics grids
were separated with ceramic spacers.
5 Solution method
A schematic of the complete performance and thermal
model is shown in Figure 9. The main model consists of
diﬀerent models and sub-models deﬁned in the previous
sections that are coupled together through Matlab to eas-
ily control the input variables and output parameters for
a self-consistent solution. First, the thruster and grid di-
mensions are given to the model, together with the screen
grid voltage U+ (from now on referred to as beam voltage
Vb) and accel grid voltage U−. Then, as was performed
in the RIT 3.5 experimental campaign, the desired input
mass ﬂow rate m˙in is set together with the RFG voltage
Vin as a thrust point. The system is solved for three un-
knowns: the ion density ni, chamber wall temperature Tw
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and electron temperature Te. Therefore, at the beginning
of each iteration, guesses to these unknown parameters are
provided. As a result, there are three iteration branches;
the ﬁrst solves for the electron temperature Te, the second
solves for the chamber wall temperature Tw and the ﬁnal
one solves for the RFG voltage Vin. For simplicity and
clarity, we denote the plasma discharge branch that solves
for the electron temperature Te using dashed lines. In this
branch we compare the guessed electron temperature to
the output electron temperature. If the two do not match,
we change the guess values in an iterative manner until a
solution is obtained. The same method is applied in solv-
ing the RF circuit branch for the RFG input voltage Vin.
All the input/output information is passed to the mod-
els in a consecutive order as indicated by the arrow direc-
tions. The output from each model is used as an input
for the next one and so on. At the end of the ﬁrst itera-
tion branch, we obtain a value for the electron tempera-
ture Teout. Using this, we calculate the plasma electrical
conductivity and the power ﬂuxes from the plasma. Cal-
culating the plasma power ﬂuxes gives the total power
needed to sustain the plasma discharge Pd and the indi-
vidual ﬂuxes to thruster’s surfaces or the environment Qk.
We then use the calculated plasma electrical conductivity
σp(r) and the Pd values in the electromagnetic model to
calculate the required coil current Ic in order to sustain the
discharge. Having obtained the coil current, we calculate
(through Ohm’s law) the RF heating values Wk. Finally,
the heat ﬂuxes and the RF heating values are used to rep-
resent the heat sources in the thermal model. From the
thermal model, we obtain the temperature distribution.
Especially, we are interested in the chamber wall temper-
ature Twout. If the guessed chamber wall temperature Twg
does not match the output temperature Twout, we change
the Twg value and iterate again. Once a self-consistent
temperature distribution is obtained, we determine all the
thruster’s component reﬂected resistances and use them
in the RF circuit PSPice model to determine the RFG
input voltage Vin. If this voltage does not match the in-
put voltage Vin that was used in deﬁning the thrust point,
the ion density guess value nig is changed in incremental
steps. The iterations in both branches are performed using
Matlab’s built-in global optimization functions. Once we
reach a consistent solution in all three branches, we stop
the iterations and output the results.
6 Results and discussion
In this section, we present the main results obtained from
the study and give a brief discussion of the most impor-
tant ﬁndings. First, we perform a validation of the per-
formance/plasma model. A plot of how the RFG input
power varies with the mass utilization eﬃciency given as
ηm = (Ibg0)/m˙in is shown in Figure 10. Such plots are
commonly used to characterise the gridded ion thruster
performance. As can be seen, the model predicts the RFG

















Fig. 10. RFG input power variation with the mass utilization
eﬃciency for 0.2 sccm, 0.37 sccm and 0.61 sccm propellant
mass ﬂow rates compared with the experimental data x, *, +,
respectively.
Table 1. RF heating magnitudes for diﬀerent RFG input
power values without plasma.
PRFG (W) 18.0 16.0 14.0 12.0 10.0 8.0 7.0
Wcoil (W) 9.5 8.5 7.4 6.4 5.4 4.3 3.7
Wscrn (W) 2.3 2.0 1.7 1.5 1.3 1.0 0.9
Wcase (W) 0.35 0.3 0.26 0.22 0.19 0.15 0.13
Pthr (W) 12.2 10.8 9.4 8.1 6.9 5.45 4.7
ηw (%) 68.0 68.0 67.0 68.0 69.0 68.0 67.0
To validate the thermal model, we ﬁrst simulate the
thruster’s temperatures without the plasma present, i.e.
only with the RF eddy current heating as seen in Table 1.
This allows us to check that the thermal resistances, ther-
mal conductances, surface emissivities, boundary condi-
tions, etc. are correct, without the possibility of having an
incorrect plasma model. As observed in the table, a major-
ity of the RF heating power (around 77%) goes to the coil,
while approximately 20% is lost to the screen and 3% to
the case. It can also be seen that only around 68% of the
total RFG input power PRFG reaches the thruster Pthr as
given by the power transfer eﬃciency ηw. This is regard-
less of the input power, since when there is no plasma, the
total thruster resistance stays about constant. The rest
of the input power is lost due to Ohmic losses inside the
coaxial cable and the RFG itself.
Having obtained the RF heating values, we perform
thermal simulations in order to determine the TS1 to TS8
sensor temperatures. In Table 2 we compare the mod-
eled sensor temperatures for diﬀerent RFG input powers
against experimental data without plasma. From the table
we can see that the agreement between the experimental
results and the model is good, the largest discrepancies
are observed in the temperatures measured on the C1 ca-
pacitor by the sensor TS6, reaching up to 10%. To better
understand the overall temperature distribution and to
check the accuracy of the model, we also construct a 3D
surface temperature plot as shown in Figure 11.
Based on the percentage deviations in both the pre-
dicted thruster performance parameters and tempera-
tures, we assume that the model is accurate enough
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Table 2. Thruster’s temperature distribution for various RFG input powers without plasma.
PRFG (W) 18.0 16.0 14.0 12.0 10.0 8.0 7.0
Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp.
T1 (
◦C) 66 71 58 66 53 60 50 55 46 49 40 43 39 41
T2 (
◦C) 71 74 62 69 58 63 54 56 48 50 42 45 40 42
T3 (
◦C) 59 65 54 61 51 56 45 50 42 45 37 41 33 38
T4 (
◦C) 58 58 67 54 45 49 46 45 42 40 38 36 36 34
T5 (
◦C) 79 80 71 74 60 67 58 60 51 53 45 47 41 44
T6 (
◦C) 106 113 94 104 83 93 76 83 68 72 57 62 51 57
T7 (
◦C) 38 42 43 40 40 37 32 34 30 31 28 30 28 29
T8 (
◦C) 43 41 38 39 36 36 36 34 33 31 30 29 30 28
Fig. 11. RIT 3.5 thruster surface temperature distribution for
an RFG input power of 18 W without plasma.
to perform thermal simulations with the plasma present.
First, we estimate the RF and plasma heating values for
diﬀerent throttle points based on the beam voltage Vb and
extracted beam current Ib as shown in Table 3. The table
indicates the total power absorbed by plasma Qtot and
how much of this power is lost to the chamber walls Qc,
screen Qscrn, accel grid Qaccel and beam Qbeam. Similarly,
the table shows the total power loss due to eddy current
RF heating Wtot and how much of this power is lost to
the screen Wscrn, coil Wcoil and case Wcase. Combining
these power losses, we estimate how much power is lost in
the thruster altogether Pthr. Then by adding losses in the
RFG itself and the coaxial cable, we estimate the total
RFG input power to the thruster PRFG, allowing us to
calculate the power transfer eﬃciency ηw.
It can be observed that when the plasma is present,
the power transfer eﬃciency is much higher compared to
the case without the plasma. This is because the pres-
ence of plasma dramatically increases the total thruster
resistance since there is an additional reﬂected plasma
resistance R′p component. Furthermore, the power trans-
fer eﬃciency goes up as the RFG input power increases,
reaching 87% at around 30 W. This happens mainly due
to a rise in the plasma density and electron temperature
which increase the reﬂected plasma resistance. As we go
down in power, we also go down in plasma density and,
therefore, the power transfer eﬃciency decreases to 68%,
which is the same as in the case where there is no plasma
at all, as was discussed previously based on the results
from Table 1. Therefore, as far as the RFG operation is
concerned, a low-density plasma acts just like the vacuum.
Fig. 12. RIT 3.5 thruster surface temperature distribution for
the Vb = 1625 V and Ib = 38 mA throttle point.
In Table 4 we give the temperature distribution based
on the aforementioned throttle points. If we take the ﬁrst
throttle point given as Vb = 1625 V and Ib = 38 mA, we
see that the discrepancy between the modeled and mea-
sured temperatures for the TS6 sensor is still the same 6%
as without the plasma. This is very important not only be-
cause it conﬁrms that our thermal model is correct, but
also that the plasma model is correct as well. If the plasma
model was incorrect, we would get temperatures that do
not correspond to the measured ones due to wrong plasma
heating values. Therefore, the thermal model can also be
used to check the accuracy of the plasma model. By an-
alyzing the rest of the table data it can be observed that
the maximum error does not go above 14%, with the ma-
jority of predicted temperature values falling within 10%
of the measurements. A 3D surface temperature distribu-
tion for the aforementioned throttle point is shown in Fig-
ure 12. As the plot indicates, the temperatures are much
higher than in the case without plasma. For instance, the
coil temperature reaches more than 200 ◦C, which is an
increase of about 50%. This makes the coil the hottest
component in the thruster. The matching capacitors reach
about 140 ◦C, which is within their operational range. The
screen and accel grids are at about 120 ◦C.
To better understand how the thruster’s temperatures
aﬀect the plasma properties and performance, we take
a case where we set the input mass ﬂow rate m˙in as a
constant and vary the RFG input power. Varying the in-
put power changes the ion density and, in turn, alters the
mass utilization eﬃciency ηm through the beam current
Ib as deﬁned in the equation ηm = (Ibg0)/m˙in. Figure 13
shows how the coil Tc, chamber wall Tw, screen grid Tscrn
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Table 3. Plasma Q and RF heating W magnitudes for diﬀerent throttle points based on the beam voltage Vb and beam
current Ib.
Vb (V) 1625 1500 1350 1000 1200 1000 262
Ib (mA) 38.0 31.6 26.6 19.3 13.2 4.8 1.85
PRFG (W) 29.7 29.4 28.5 22.1 15.0 9.4 7.5
Qc (W) 14.2 13.2 12.2 8.5 4.9 1.9 1.0
Qscrn (W) 3.2 3.1 2.9 1.95 1.1 0.42 0.26
Qaccel (W) 0.47 0.35 0.3 0.22 0.14 0.05 0.03
Qbeam (W) 1.54 1.43 1.25 0.95 0.59 0.2 0.07
Qtot (W) 19.4 18.1 16.6 11.7 6.7 2.5 1.4
Wcoil (W) 5.0 5.4 5.6 4.1 3.9 3.2 2.9
Wscrn (W) 1.2 1.3 1.35 1.1 0.9 0.77 0.69
Wcase (W) 0.16 0.17 0.17 0.14 0.12 0.1 0.09
Wtot (W) 6.36 6.87 7.12 5.22 4.92 4.07 3.68
Pthr (W) 25.7 24.9 23.7 16.9 11.7 6.6 5.1
ηw (%) 87.0 85.0 83.0 77.0 78.0 70.0 68.0
Table 4. Thruster’s temperature distribution for diﬀerent throttle points.
Vb (V) 1625 1500 1350 1000 1200 1000 262
Ib (mA) 38 31.6 26.6 19.3 13.2 4.8 1.85
PRFG (W) 29.7 29.4 28.5 22.1 15.0 9.4 7.5
Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp. Mod. Exp.
T1 (
◦C) 111 113 108 108 104 104 82 88 66 76 49 57 46 54
T2 (
◦C) 120 120 117 115 112 111 90 92 70 79 51 58 48 55
T3 (
◦C) 90 93 88 89 85 86 68 73 57 64 42 49 42 48
T4 (
◦C) 86 86 84 83 82 80 66 66 55 58 41 45 41 44
T5 (
◦C) 112 117 110 113 108 110 88 92 72 79 53 59 50 55
T6 (
◦C) 142 151 140 147 135 144 112 122 90 104 66 77 62 72
T7 (
◦C) 53 58 53 56 51 55 42 47 37 43 31 36 31 36
T8 (
◦C) 63 58 63 55 60 55 49 47 42 43 34 36 34 36

















Fig. 13. Thruster’s temperature distribution for diﬀerent mass
utilization eﬃciency values ηm for a constant mass ﬂow rate of
0.5 sccm.
and case Tcase temperatures vary with the mass utilization
eﬃciency. As the plot depicts, the coil and discharge cham-
ber temperatures are very similar to each other with only
a few percent diﬀerence. The screen grid temperature
changes from being about 8% lower to 20% lower than
the chamber wall temperature as the mass utilization eﬃ-
ciency increases. The case temperature is just above room
temperature.
We continue our investigation by plotting the RFG in-
put power variation with the mass utilization eﬃciency.
This is done for three diﬀerent cases. Case I represents
a situation in which the thruster’s temperatures are con-
sistent with the plasma parameters and the RF heating,
which is what occurs in the real-life situations. Case II
represents a condition where the plasma parameters are
consistent with the thruster’s temperatures, but the RF
heating is not. Finally, Case III simulates a situation in
which the thruster’s temperatures are set constant and
not consistent with neither the plasma parameters nor the
RF heating. Case III is commonly used in analyzing RF
thrusters, where the discharge chamber wall temperature
is set to a constant predeﬁned value, usually around 400 K.
As can be seen in Figure 14, at low mass utilization eﬃ-
ciencies, Case III results in the RFG input power that is
3–4% larger compared to other cases because it over esti-
mates the thruster’s temperatures. As we approach a mass
utilization eﬃciency of around 0.5, we see that all three
cases merge, since the thruster’s temperatures are approx-
imately equal to the constant temperatures that were set.
However, as we approach high mass utilization eﬃcien-
cies of 0.7 and 0.8, the discrepancy between the cases in-
creases. In particular, Case III under-estimates the power
compared to Case I by up to 10%, which is approximately
a 2–3 W diﬀerence.
To ﬁnish oﬀ our discussion about the temperature ef-
fects on the plasma properties and thruster’s performance,
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Fig. 14. RFG input power variation with the mass utilization
eﬃciency for three diﬀerence thruster’s temperatures-plasma
properties-RF heating coupling cases.
we create the following hypothetical situation. First, we
set the beam current Ib that we are extracting to 20.3 mA
and set the mass ﬂow rate m˙in to 0.5 sccm as constants.
Then we imagine that the thruster starts heating up,
which could be due to a neutralizer starting to operate
or due to a change in the thermal load from the space-
craft. This could also be because the thruster is exposed
to diﬀerent heat ﬂuxes from the environment when, for
instance, it starts facing the sun side. It could also sim-
ply mean a modiﬁcation in the thruster’s design causing
the temperatures to change. The goal is to see how the
thruster’s temperatures aﬀect the plasma parameters and
the performance. The results of the analysis are plotted
in Figure 15. All plots are done against the chamber wall
temperature Tw, but it should be noted that all thruster’s
temperatures change.
First we see that as the temperatures increase, the neu-
tral gas density n0 decreases following an inversely propor-
tional relationship (n0 ∝ 1/Tw). In contrast, the electron
temperature goes up in a linear fashion. Ion density, on
the other hand, decreases linearly since an increase in the
electron temperatures results in an increase in the Bohm
velocity. Therefore, a lower ion density is needed to achieve
a set beam current. The reﬂected thruster structural resis-
tance R′strct, which is the thruster resistance excluding the
plasma resistance, increases nearly linearly with the tem-
peratures due to an increase in the thruster’s component
electrical conductivity. The reﬂected plasma resistance R′p
actually goes down since the plasma electrical conductiv-
ity decreases due to the decreasing ion density. Therefore,
due to the combination of these eﬀects, the total reﬂected
thruster resistance R′thr goes up slightly. The coil current
increases quite sharply because of two factors. First, due
to an increasing electron temperature, there are higher
boundary losses incurred, requiring more power (propor-
tional to the coil current) to be transferred to the plasma.
Second, due to the decrease in the plasma electrical con-
ductivity, a higher coil current is required to transfer the
same amount of power to the plasma. Finally, due to the
increase in both the coil current and thruster resistance,
the RFG input power goes up by about 20% when the
wall temperature changes from 310 to 480 K. Therefore,
to increase the thruster’s performance, it is beneﬁcial to
run the thruster at the lowest temperatures possible.
Figures 16 and 17 show the electromagnetic properties
of the plasma. In Figure 16 we see that the maximum mag-
netic ﬁeld inside the plasma is about 20 Gauss, whereas
the majority of the plasma volume has a magnetic ﬁeld of
about 12 Gauss. Also in the majority of the plasma vol-
ume, the magnetic ﬁeld is directed axially. In Figure 17
we see that most of the power is absorbed in the middle
of the discharge due to end coil eﬀects. Near the plasma
center and axial discharge chamber edges, there is virtu-
ally no power absorption from the coil, which is indicated
by the dark regions in the plots. The induced current den-
sity vectors are directed azimuthally and follow the power
absorption trend with the highest current density present
in the middle of the plasma, next to the coil.
7 Conclusion
A radio-frequency gridded-ion thruster performance and
thermal model, based on the RIT 3.5 thruster geometry
and experimental results, has been presented. The goal
when designing the model was to make as few assump-
tions as possible, but at the same time have a model that
represents real-life conditions, is accurate, produces eas-
ily interpretable results and has short solution times (less
than an hour). It has been shown that the model can pre-
dict all the main RIT 3.5 thruster performance and ther-
mal parameters with approximately 10% error. The model
takes into account the plasma parameters, ion extraction,
electromagnetic ﬁeld distribution, RF circuit and temper-
ature distribution. Therefore, for the ﬁrst time, a model
has been created that predicts the thruster’s performance
and temperature distribution in a self-consistent/coupled
fashion. This is because the model includes the thruster’s
temperature eﬀect on the plasma parameters/performance
and vice versa. Such a coupling is representative of real-life
conditions observed while testing RF thrusters. The devel-
oped model is in contrast to the other RF thruster models
(developed for example by Volkmar [13,30], Chabert [12]
or Gartner [14]) that only looked at a speciﬁc aspect of the
RF thruster operation, concentrating on either predicting
the thruster’s performance or the temperature distribu-
tion but not both in a coupled fashion. It was observed
that if the coupling between the thruster’s temperatures
and performance is not consistent, an error of up to about
10% in the RFG input power can be incurred at high mass
utilization eﬃciencies. The error, however, depends on the
thruster’s temperatures that are set as a constant in per-
forming the simulations. The 10% error was achieved when
the chamber wall temperature was set to 400 K, which is
a common value used when analyzing the RF thruster
performance.
In particular, the model was also used to observe the
temperature eﬀect on the thruster’s performance. It was
noticed that as thruster’s temperatures increase, the coil
current and reﬂected thruster resistance also increase.
Eur. Phys. J. D (2016) 70: 227 Page 13 of 14















































































































Fig. 15. (a)–(c) Plasma properties, (d) thruster resistance, (e) coil current and (f) RFG input power as functions of the chamber
wall temperature for a constant mass ﬂow rate of 0.5 sccm and a beam current of 20.3 mA.
Fig. 16. Magnetic ﬁeld strength in Gauss and magnetic ﬂux
density vectorial direction inside the plasma.
This results in the RFG input power going up. For in-
stance, it was observed that if the thruster’s chamber wall
temperature rises from 310 to 480 K, the RFG input power
goes up by about 20%. This shows that it is important
to keep the thruster as cool as possible. This could be
Fig. 17. Normalized power absorption magnitude and vecto-
rial induced current density distribution inside the plasma.
achieved by changing the thruster’s design. Additionally,
when planning a space mission, the environmental ther-
mal ﬂuxes to the thruster have to be minimized. This
is especially true for missions that work with low power
thrusters. The model can also be used to judge the ther-
mal thruster design because it provides a 3D surface tem-
perature distribution plot. By investigating the RIT 3.5
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temperature distribution plot, it was observed that the coil
temperature gets above 200 ◦C, which makes it the hottest
component in the thruster. Considering that the copper
which is commonly used to manufacture coils has quite
a high thermal expansion coeﬃcient, a change in the coil’s
shape could reduce the thruster’s performance. What is
more, the matching capacitors reach about 150 ◦C. The
designer must check that the capacitors’ temperatures do
not go above around 200 ◦C throughout the operational
envelope of the thruster. This can now be achieved using
the model.
The model can potentially be used to gauge diﬀerent
thruster geometries and performances, and act as a tool
for designing and optimizing RF ion thrusters to make
them more attractive for speciﬁc space missions. The fu-
ture goal is to introduce a possibility of including envi-
ronmental heat ﬂuxes based on a speciﬁc mission orbit.
It is also possible to add to the model a possibility of ac-
counting for mechanical deformations of the coil and grids
due to thermal stresses, and to check how these aﬀect the
thruster’s performance.
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